Introduction {#Sec1}
============

Neurofibromatosis type 2 (NF2) is a multiple tumor syndrome that results from loss-of-function mutations in the *NF2* gene \[[@CR1]\]. The hallmark of NF2 is the development of bilateral vestibular schwannomas, although NF2 patients can develop other schwannomas, meningiomas, ependymomas, and astrocytomas \[[@CR1]\]. Biallelic *NF2* inactivation also occurs in various sporadic tumors, especially in schwannomas, meningiomas, malignant mesothelioma, and ependymomas \[[@CR2]\].

The *NF2* gene encodes a 70-kDa protein called merlin that belongs to the ezrin, radixin, and moesin (ERM) protein family. Merlin and ERM proteins share a similar domain organization, containing an N-terminal FERM domain, a central α-helical domain and a C-terminal tail \[[@CR2]\]. However, merlin and ERM proteins appear to act antagonistically on cell proliferation and transformation \[[@CR3]\]. Merlin is long recognized as a critical mediator of contact inhibition of proliferation; its exact mechanisms remain unclear, although multiple pathways and mechanisms have been implicated, including regulation of Ras pathway activity \[[@CR2]\].

Sustained activity of the Ras pathways, caused by mutations in Ras or/and its pathway components, promotes cellular transformation and drives tumorigenesis \[[@CR4]\]. Loss of merlin functions likewise results in cellular transformation and is associated with sustained activation of the Ras pathways \[[@CR5], [@CR6]\]. Conversely, overexpression of merlin can counteract Ras-induced transformation \[[@CR7], [@CR8]\], supporting the relevance of merlin-mediated regulation of the Ras pathways, which may occur at multiple levels (see later in "Discussion"). Whilst we have previously shown that merlin interferes with the activation of the small GTPases Ras and Rac \[[@CR5]\], the exact mechanism by which merlin interferes with Ras activation remains largely unknown.

Ras cycles between an inactive GDP-bound and an active GTP-bound state \[[@CR4]\]. However, the spontaneous GTP-loading and the intrinsic Ras-GTP hydrolysis are very slow. Rather, the activity of Ras is directly controlled by guanine nucleotide exchange factors (GEFs) that catalyze the exchange of GDP for GTP, and by GTPase activating proteins (GAPs) that stimulate the GTPase activity \[[@CR4]\]. Several Ras GAPs exist in mammals, among which p120RasGAP (also named RasGAP, encoded by *RASA1*) and neurofibromin (encoded by *NF1*) are prototypic, coexisting in most cell types \[[@CR9]\]. In this study, we demonstrate that merlin can bind both Ras and RasGAP. Whereas merlin does not appear to directly regulate the catalytic activity of RasGAP, the interactions with Ras and RasGAP may fine-tune Ras signaling in space and time.

Results {#Sec2}
=======

*Nf2*^−/−^ mouse Schwann cells exhibit elevated Ras activity and require Ras activity for focus formation {#Sec3}
---------------------------------------------------------------------------------------------------------

We used immortalized *Nf2*^−/−^ and the matched *Nf2*^+/+^ mouse Schwann cells \[[@CR10]\] (mSCs; Fig. [S1a](#MOESM1){ref-type="media"}) to analyze Ras activity. *Nf2*^−/−^ mSCs showed elevated Ras-GTP levels, regardless of cell density (Fig. [1a](#Fig1){ref-type="fig"}). This too was the case when the cells were under growth factor-starved condition or further stimulated with PDGF-BB (Fig. [1b](#Fig1){ref-type="fig"}), a growth factor contributing to Schwann cell survival and proliferation \[[@CR11]--[@CR13]\]. Loss of contact inhibition in *Nf2*^−/−^ mSCs was evidenced by multiple foci formation in culture (see Fig. [1c](#Fig1){ref-type="fig"}). To investigate the contribution of Ras hyperactivity to *Nf2* loss-induced focus formation, we constructed a Ras-inhibitory protein (Ras-i) consisting of EGFP, the Ras-binding domain (RBD) and the cysteine-rich domain (CRD) of Raf1, and the GAP-related domain (GRD) of NF1 (Fig. [S1b](#MOESM1){ref-type="media"}). The RBD-CRD of Raf1 has been shown to be able to block endogenous Ras-GTP signaling \[[@CR14]\], whereas NF1 GRD can potently promote Ras-GTP inactivation. The combination of both, we reasoned, should be capable of counteracting Ras hyperactivity. Indeed, introduction of Ras-i into *Nf2*^−/−^ mSCs lowered Ras-GTP level as expected (Fig. [S1c](#MOESM1){ref-type="media"}), reduced focus formation, and improved contact inhibition, although not as efficiently as the reconstitution of merlin (Fig. [1c](#Fig1){ref-type="fig"}). Of note, Ras-i was poorly expressed (Fig. [1d](#Fig1){ref-type="fig"}) and the expression was rapidly lost when the cells were further expanded (not shown). These data suggest that Ras activity is required for focus formation in *Nf2*^−/−^ mSCs and suppression of Ras activity is likely an important part of merlin's tumor suppressor functions.Fig. 1*Nf2*^−/−^ mSCs exhibit elevated Ras activity and depend on Ras activity for focus formation. **a**, **b** Ras activity in *Nf2*^+/+^ and *Nf2*^−/−^ mSCs was analyzed by GST-Raf1 RBD pulldown followed by western blotting. Spliced lanes are from the same exposure of the same blot. **a** Cells were cultured at low (L) or high (H) cell density before lysis. **b** Cells were growth factors starved overnight and lysed following stimulation with 10 ng/ml PDGF-BB for 2 min, or without stimulation. **c**, **d** *Nf2*^−/−^ mSCs were transduced with lentiviral vectors encoding the indicated transgenes and selected with blasticidin to eliminate nontransduced cells. Cell density (monolayer) and foci were photographed 5 and 6 days after transduction, respectively (**c**); transgene expression was verified by western blotting (**d**). PD: pulldown; VC: vector control. See also Fig. [S1](#MOESM1){ref-type="media"}. Representative data from one out of two independent experiments are shown for all panels

The FERM domain of merlin can directly interact with Ras {#Sec4}
--------------------------------------------------------

Merlin and ERM proteins are regarded as physiological counter players \[[@CR5], [@CR15], [@CR16]\]. We have previously shown that ezrin is actively involved in Ras activation by directly binding to both Ras and Son of Sevenless (SOS), a major Ras GEF \[[@CR15], [@CR16]\]. The F1 subdomain of FERM is an ubiquitin/Raf1-RBD-like domain \[[@CR17]\] and the F1--F2 subdomains of ezrin FERM appear to mediate Ras binding \[[@CR15], [@CR18]\], suggesting that merlin may do likewise. Indeed, merlin FERM (amino acids \[aa\] 1--313), but not the α-helical-tail domains (aa 312--595), could pull down purified HRas 1--166 (Fig. [2a, b](#Fig2){ref-type="fig"}). In contrast to Ras effectors like Raf proteins \[[@CR4]\], merlin did not show any preference for either GTP- or GDP-loaded Ras, and the binding was apparently very weak. Further truncation revealed that a part of merlin's F1 subdomain (aa 1--73) was sufficient to bind Ras (Fig. [S2](#MOESM1){ref-type="media"}). To test whether merlin can bind other Ras isoforms, we performed pulldown with nontagged full-length (FL) KRas4B overexpressed in 293 cells, the most abundant and essential Ras isoform \[[@CR19], [@CR20]\]. The results illustrated that merlin FERM can also bind KRas4B and that the isolated α-helical domain or the tail from merlin isoform 1 or 2 (iso1/2, see later) cannot (Fig. [2c](#Fig2){ref-type="fig"}). An attempt was made to test merlin's binding to FL HRas and NRas under the same condition; however, both bound to glutathione sepharose nonspecifically (not shown). Nevertheless, because HRas 1--166 represents the highly conserved G-domain, almost identical in H-, K-, and NRas \[[@CR20]\], the results suggest that merlin is likely able to bind all Ras isoforms directly.Fig. 2Merlin can directly interact with Ras. **a** Domain organization of merlin isoform 1 and 2 (iso1/2) and GST-fusion fragments used for pulldown. Note that aa 1--579 are identical in iso1 and 2. **b** Western blot analysis of GST-merlin fragments pulldown of HRas 1--166 preloaded with GDP (D) or GTPγS (T). GST-Raf1 RBD was included for comparison. All proteins were purified from *E. coli*. GST-fusion protein inputs were stained with Ponceau S. **c** Western blot analysis of GST-merlin fragments pulldown of KRas4B overexpressed in 293 cells by transient transfection. TurboGFP (tGFP) transfected sample shows endogenous total Ras, much lower than KRas4B. Representative data from one out of two independent experiments are shown**. d** Varying amounts of constructs for proximity biotinylation (with an N-terminal OLLAS tag) were transfected into 293 cells; \~24 h later, media was replenished with 0.1 µM biotin; \~48 h after transfection, cells were lysed for streptavidin (SA) pulldown, analyzed by western blotting. Note that Ras and OLLAS were sequentially probed without stripping, taking advantage of different host species for the antibodies. Prior signals were inactivated by H~2~O~2~ treatment before the second round of probing. See also Fig. [S3](#MOESM1){ref-type="media"}

Merlin interacts with Ras in vivo {#Sec5}
---------------------------------

Given the weak interaction between merlin and Ras, it is difficult to demonstrate the in vivo interaction by co-immunoprecipitation (Co-IP). We therefore employed a proximity biotinylation approach, mediated by the promiscuous biotin ligase BioID2 \[[@CR21]\]. Expression of BioID2-KRas4B versus BioID2 alone in 293 cells resulted in clearly increased biotinylation of endogenous merlin (Fig. [S3a](#MOESM1){ref-type="media"}). Even when biotin concentration was reduced to 0.1 μM (a very low concentration for this type of assay) and BioID2-KRas4B was expressed much lower than endogenous Ras by reducing transfected DNA amounts, increased biotinylation of merlin was still detectable (Figs. [2d](#Fig2){ref-type="fig"} and [S3b](#MOESM1){ref-type="media"})---suggesting that KRas4B and merlin are at close proximity in vivo. Together with the in vitro binding data, the in vivo interaction between Ras and merlin could be inferred.

Merlin interacts with RasGAP {#Sec6}
----------------------------

It has been shown that the GAP activity (toward Ras) from cell extracts was proportional to cell density in culture, suggesting that Ras GAPs may be involved in contact inhibition \[[@CR22]\]. We hypothesized that merlin may recruit a RasGAP to negatively regulate Ras, reminiscent of the Ras-activating complex formed by ezrin and SOS \[[@CR15], [@CR16]\]. Indeed, RasGAP could be co-immunoprecipitated with endogenous merlin from confluent RT4 cells (a rat schwannoma cell line; Fig. [3a](#Fig3){ref-type="fig"}), whereas neurofibromin was poorly extracted with the same lysis buffer and thus not detectable (not shown). Moreover, GST-merlin could efficiently pull down endogenous RasGAP from RT4 cell lysate (Fig. [3b](#Fig3){ref-type="fig"}), further supporting the interaction and leading us to focus on RasGAP in this work.Fig. 3Merlin interacts with RasGAP. **a** Western blot analysis of Co-IP of RasGAP with merlin. **b** Western blot analysis of GST-merlin pulldown of RasGAP. Note that GST-merlin S518A and lysate from RT4/Tet-NF2 S518D cells were used here. Spliced lanes are from the same exposure of the same blot. GST-fusion protein inputs were stained with Ponceau S. Asterisks indicate the correct band. **c** Bimolecular fluorescence complementation (BIFC) analysis of merlin and RasGAP interaction. Constructs fused with a split cerulean protein (Cerf or Cerl) were cotransfected with pEYFP-C1 (transfection control) into 293T cells. Approximately 48 h later, cells were fixed and stained with wheat germ agglutinin (WGA)-Texas Red-X to outline outside membranes. CFP/YFP: cyan/yellow fluorescent protein. Representative data from one out of at least two independent experiments are shown for all panels

Merlin interacts with RasGAP predominantly at the plasma membrane {#Sec7}
-----------------------------------------------------------------

To validate merlin:RasGAP interaction and localize it within a cellular context, we attempted to stain the endogenous proteins, but failed to obtain confident signals. The bimolecular fluorescence complementation (BiFC) approach was then employed, using two complimentary fragments (Cerf and Cerl) of a split cerulean fluorophore \[[@CR23], [@CR24]\]. Coexpression of Cerf-merlin and Cerl-RasGAP resulted in reconstituted cerulean fluorescence; outperforming the background fluorescence signals from the control combinations (Fig. [3c](#Fig3){ref-type="fig"}), supporting the specificity of merlin:RasGAP interaction. The fluorescence was predominant at the plasma membrane, consistent with the reported subcellular localization of active merlin \[[@CR25]\] and where Ras activity regulation should occur.

Both the FERM and the tail domains of merlin interact with RasGAP {#Sec8}
-----------------------------------------------------------------

Pulldown was performed using GST-merlin fragments, in order to define the domains mediating merlin:RasGAP interaction (Fig. [4a, b](#Fig4){ref-type="fig"}). Both the FERM domain and the α-helical-tail domains could pull down RasGAP independently, while the former was more efficient. Progressive truncation located two RasGAP-binding sites, one in the F1 subdomain and the other in the tail. The F3 subdomain, a PTB/PH-like domain \[[@CR17]\], is unlikely involved in the binding, the deletion of which rather enhanced the binding. The first 18 amino acids (aa 1--18), unique to merlin and not present in ERMs, were unable to bind RasGAP on their own. For determining whether merlin can directly bind RasGAP, we used GST-tagged merlin fragments to pull down purified FL RasGAP in vitro (Fig. [4c](#Fig4){ref-type="fig"}), therein confirming that both the aa 1--73 fragment and the tail of merlin are able to bind RasGAP directly and independently.Fig. 4Merlin FERM and tail interact with the PH-C2 domains of RasGAP. **a** Domain organization of merlin and GST-fusion fragments used for pulldown. **b**, **c** Western blot analysis of GST-merlin fragments pulldown of RasGAP from Sc4 cell lysate (**b**) or full-length (FL) RasGAP purified from *E. coli* (**c**). **d** Domain organization of RasGAP and GST-fusion fragments used for pulldown. The locations of two caspase cleavage sites \[[@CR57]\] and a patient-derived mutation C540Y are depicted. **e, f** Western blot analysis of GST-RasGAP fragments pulldown of merlin from indicated cell lysates. GST-fusion protein inputs were stained with Ponceau S. Asterisks indicate correct bands. Representative data from one out of at least two independent experiments are shown for **b** and **f**

The PH-C2 domains of RasGAP interact with merlin {#Sec9}
------------------------------------------------

Reciprocal GST pulldown revealed that, FL RasGAP, as well as the C-terminal fragment (C-term), could efficiently pull down merlin from cell lysates, whereas the N-terminal fragment and the GAP domain could not (Fig. [4d, e](#Fig4){ref-type="fig"})---suggesting that the merlin-binding site is within the PH-C2 region. Of note, RasGAP's binding to the nonphosphorylatable merlin S518A mutant (active) was much stronger than to the phospho-mimicking S518D mutant (inactive), likely due to a conformational effect \[[@CR26]\]. We further confirmed that the isolated PH-C2 fragment was indeed able to bind merlin (Fig. [4f](#Fig4){ref-type="fig"}). Moreover, both the PH and the C2 domains could independently bind merlin, suggesting multiple merlin contact sites within the PH-C2 region. Conversely, deletion of the PH-C2 domains from FL RasGAP essentially eliminated merlin binding.

Far-western blotting was performed to corroborate the pulldown results, by incubating purified merlin with GST-RasGAP fragments immobilized on a nitrocellulose membrane (Fig. [S4a, b](#MOESM1){ref-type="media"}). Consistent with the GST pulldown data, all the PH domain-containing fragments showed strong interaction with merlin, whereas the GAP domain and the partial C2 domain (aa 606--648) did not exhibit any binding. Conversely, deletion of the PH domain greatly reduced merlin binding, whereas partial deletion of the C2 domain had no effect. Viewed together, these results support a direct binding between merlin and RasGAP, mediated primarily by the PH domain. Incidentally, C540Y, a capillary malformation-arteriovenous malformation patient-derived mutation within the PH domain \[[@CR27]\], did not impair merlin binding, suggesting that C540 may not be directly involved in the binding. C540Y more likely impairs protein folding, as the protein yields were greatly reduced (see Ponceau staining of the 158--1047 fragments in Fig. [S4b](#MOESM1){ref-type="media"}).

We further tested the importance of the PH domain for merlin binding in cotransfected Sc4 cells (a merlin-deficient line) and learned that merlin could be co-immunoprecipitated with either EGFP-RasGAP or EGFP-PH, but not with EGFP-RasGAP ΔPH (Fig. [S4c](#MOESM1){ref-type="media"}); demonstrating that the PH domain determines the interaction with merlin in vivo.

Merlin isoform 2 also binds RasGAP {#Sec10}
----------------------------------

Merlin has two major isoforms, with the only difference at the C-terminus \[[@CR28]\] (Fig. [2a](#Fig2){ref-type="fig"}). An interaction between the FERM and the tail in merlin iso1 renders a relatively closed conformation \[[@CR26]\], whereas merlin iso2 has a relatively open conformation due to lack of such interaction \[[@CR29]\]. Of note, merlin's α-helical domain may contribute more to the closed conformation \[[@CR30], [@CR31]\]; thus, the difference in the conformations between the isoforms is more likely localized. To compare their binding to RasGAP, we overexpressed their S518A mutants (to prevent a potential effect by phosphorylation) in 293 cells and performed GST pulldown---they bound similarly to RasGAP (Fig. [S5a](#MOESM1){ref-type="media"}). As merlin's binding to angiomotin and lipids induces conformation opening \[[@CR26], [@CR32]\], we also performed pulldown with merlin expressed in *E. coli* and different binding buffers (Fig. [S5b](#MOESM1){ref-type="media"}). These results did reveal a more efficient binding to RasGAP by merlin iso2 under two buffer conditions, further supporting the conformational effect.

RasGAP may prefer to bind merlin rather than ERMs {#Sec11}
-------------------------------------------------

In order to test whether RasGAP also binds ERMs, GST pulldown was performed with the lysate from 293 cells, which express all ERMs and merlin (Fig. [S6](#MOESM1){ref-type="media"}). While unable to detect any binding to ezrin or moesin, we detected a weak binding to radixin, relatively less efficient than to merlin. Thus, RasGAP appears to prefer to bind merlin over ERMs, in line with the less conserved α-helical-tail domains between merlin and ERMs \[[@CR28]\]. Of note, ERMs have a more closed conformation than merlin iso1 \[[@CR26]\], which can be opened by lipid binding and subsequent phosphorylation at T567/564/558, respectively \[[@CR33]\]. Given that the conformation states are unknown, further experiments using open conformation constructs with an identical epitope tag will help to draw a clearer conclusion.

NF2 patient-derived mutations impair merlin's interaction with RasGAP in vivo {#Sec12}
-----------------------------------------------------------------------------

The nontruncating mutations identified in NF2 patients are mostly concentrated within the F1 subdomain and the tail of merlin \[[@CR34]\]. Two pathogenic mutations in the F1 subdomain---L64P and ΔF96---that most likely impair merlin folding \[[@CR35], [@CR36]\] were chosen and tested as to whether they impair the interaction with Ras or RasGAP. For in vitro binding, we chose to purify merlin aa 1--340 (wild type and the mutants), because FL merlin is difficult to purify from *E. coli*. Both mutants exhibited enhanced binding to Ras (Fig. [S7a](#MOESM1){ref-type="media"}), whereas they bound to RasGAP similarly to the WT (Fig. [S7b](#MOESM1){ref-type="media"}), suggesting that these mutation sites may not be directly involved in the binding.

Because the in vitro binding experiments may not reflect the in vivo situation in the context of FL merlin, BIFC experiments were performed to assess the mutations' effect on merlin:RasGAP interaction (Fig. [5a](#Fig5){ref-type="fig"}). Both mutations caused markedly decreased BiFC efficiency, down to the negative control level (Cerf-merlin + Cerl-RasGAP ΔPH-C2). Although we cannot exclude an effect from different expression levels of the constructs (Fig. [5b](#Fig5){ref-type="fig"}), the BiFC signals from merlin mutants were predominantly displaced from the plasma membrane. Taken together, these mutations potentially impair a productive merlin:RasGAP interaction in different ways. First, the mutations may cause decreased expression and stability of merlin. Second, merlin mutants might form an ineffective interaction with RasGAP, away from the normal plasma membrane sites of activity.Fig. 5NF2 patient-derived mutations impair merlin:RasGAP interaction in vivo. **a** BiFC analysis of merlin and RasGAP interaction (WT and mutants). RasGAP ∆PH-C2 served as a binding-deficient control. See also legend for Fig. [3c](#Fig3){ref-type="fig"}. Note that the BiFC signals from merlin mutants were not only weak, but also relocated from the membrane to the cytoplasm. **b** Expression of BiFC constructs in a parallel transfection experiment validated by western blotting. The polyclonal GFP antibody detects both fragments of the split cerulean (Cerf/Cerl) and EYFP. Representative data from one out of three independent experiments are shown for **a** and **b**

RasGAP is constitutively active and merlin does not increase the GAP activity in vitro {#Sec13}
--------------------------------------------------------------------------------------

The PH domain of RasGAP has been reported to bind the GAP domain and inhibit its activity \[[@CR37]\]. Merlin can directly bind to Ras and the PH-C2 domains of RasGAP, raising the possibility that merlin may increase RasGAP activity by releasing RasGAP from autoinhibition and/or facilitating Ras and the GAP domain interaction. Therefore the in vitro GAP activity was tested using purified merlin, Ras (preloaded with GTP), and RasGAP (FL and fragments; Figs. [6a, b](#Fig6){ref-type="fig"} and [S8a](#MOESM1){ref-type="media"}). The amount of remaining Ras-GTP after GAP-stimulated hydrolysis, which negatively correlates with GAP activity, was determined by a GST-Raf1 RBD pulldown-based approach. Yet, the presence of merlin did not increase, but rather slightly interfered with GAP activity. Nevertheless, we noticed that RasGAP FL and the C-term were much more active than the isolated GAP domain, indicating that the PH-C2 part contributes to, rather than inhibits, GAP activity---agreeing with an earlier study showing that RasGAP FL is around ten times more active than the GAP domain alone \[[@CR38]\].Fig. 6Merlin cannot increase RasGAP activity in vitro, but suppresses PDGF-BB activated Ras signaling in vivo. **a** RasGAP fragments used for in vitro GAP activity experiments. **b**, **c** Equal molar amounts of RasGAP fragments were preincubated with or without equal molar amounts of merlin (FL in **b**, aa 1--313 in **c**) for 1 h at room temperature and then used to catalyze the hydrolysis of GTP-loaded HRas 1--166. BSA was used as a noncatalyzing control. Remaining Ras-GTP was detected by GST-Raf1 RBD pulldown followed by western blotting. All proteins were purified from *E. coli*. See also Fig. [S8a, b](#MOESM1){ref-type="media"}. **d** Cells were seeded and cultured for \~20 h (close to confluence), then growth factor starved overnight, then stimulated with 10 ng/ml PDGF-BB and lysed at indicated time points for Ras-GTP pulldown by GST-Braf RBD, analyzed by western blotting. Note that p-MEK, p-Erk, MEK, and Erk were sequentially probed without stripping, taking advantage of different host species for phosphorylation-specific and pan antibodies. Phosphorylation-specific signals were inactivated by H~2~O~2~ treatment before probing MEK. Note that uneven Erk signals were due to steric interference from previously bound antibodies (p-Erk signals were very strong before H~2~O~2~ treatment). Representative data from one out of two (**b**, **c**) or three (**d**) independent experiments are shown

In testing whether the PH domain is autoinhibitory, we purified RasGAP aa 158--1047 (for better yield than the FL) and the PH-deleted counterpart, and tested the in vitro GAP activity in the absence and presence of merlin FERM (in case merlin FL may not interact with RasGAP efficiently in vitro, because of a relatively closed conformation; Figs. [6a, c](#Fig6){ref-type="fig"} and [S8b](#MOESM1){ref-type="media"}). As seen with merlin FL, merlin FERM likewise failed to increase the GAP activity of any included RasGAP fragment. Deletion of the PH domain essentially had no effect on the GAP activity, while the isolated GAP domain was less active than the C2-GAP-containing fragments. We therefore conclude that RasGAP is constitutively active, the PH domain does not confer autoinhibition, the C2 domain is required for full GAP activity, and merlin cannot increase the GAP activity in vitro.

Loss of merlin leads to more sustained activation of the downstream effectors in PDGF-BB signaling than loss of RasGAP {#Sec14}
----------------------------------------------------------------------------------------------------------------------

Although merlin appears unable to increase RasGAP activity in vitro, our previous data suggest that it can inhibit Ras activity in vivo (see Fig. [1a, b](#Fig1){ref-type="fig"}). Meanwhile, RasGAP is a well-known negative regulator of Ras. Indeed, there was elevated and prolonged Ras activation in confluent RasGAP-knockout (*Rasa1*^−/−^) mouse embryonic fibroblasts (MEFs) \[[@CR39]\] following PDGF-BB stimulation (Fig. [S8c](#MOESM1){ref-type="media"}). The phenotypes of merlin or RasGAP deficiency regarding Ras-GTP inactivation and tumorigenicity were further compared by generating *Nf2*^+/+^ mSCs derivatives with stable knockdown (KD) of merlin or RasGAP. We first analyzed PDGF-BB-induced Ras signaling in the cultures close to confluence (Fig. [6d](#Fig6){ref-type="fig"}). While the Ras-GTP dynamics varied between individual experiments, overall increased Ras-GTP levels in merlin-KD and RasGAP-KD mSCs were consistently observed. This too was the case for elevated expression of PDGFRβ and prolonged activation of Akt, MEK1/2, and Erk1/2 in merlin-KD mSCs---two prominent Ras effector pathways driving tumorigenesis \[[@CR4]\]; Ras protein level also appeared to be elevated in merlin-KD mSCs, when normalized to the total protein level (Fig. [S8d](#MOESM1){ref-type="media"}). By contrast, PDGFRβ signaling was terminated more rapidly in RasGAP-KD mSCs; although MEK1/2 and Erk1/2 were activated to a higher extent, they were deactivated similarly to the control cells. Thus, both merlin and RasGAP appear to suppress PDGF-BB-induced Ras signaling; however, loss of merlin leads to more sustained activation of the downstream effectors.

Loss of RasGAP is not sufficient to promote tumorigenic growth in an orthotopic model {#Sec15}
-------------------------------------------------------------------------------------

RasGAP has been previously implicated in contact inhibition \[[@CR40]\] and we observed that *Rasa1*^−/−^ MEFs formed multiple foci after 2--3 weeks of culture (Fig. [S9a](#MOESM1){ref-type="media"}), suggesting that RasGAP might be a relevant effector of merlin for contact inhibition.

Next, orthotopic transplantations were conducted to assess the in vivo tumorigenic potential of merlin-KD and RasGAP-KD mSCs. We first generated *Nf2*^+/+^ mSCs/Luc that stably express a luciferase to enable bioluminescence imaging, and established the derivatives with stable KD of merlin or RasGAP (Fig. [S9b](#MOESM1){ref-type="media"}). The cells were transplanted into sciatic nerves of nude mice and tumor growth monitored weekly for a total of 3 weeks. While KD of merlin promoted tumor growth, KD of RasGAP did not (Figs. [7a, b](#Fig7){ref-type="fig"} and [S9c](#MOESM1){ref-type="media"}).Fig. 7Comparison of RasGAP loss with merlin loss in tumorigenicity and detachment-induced signaling. **a**, **b** Bioluminescence imaging of orthotopic tumors formed by mSCs/Luc derivatives. Cells were injected into sciatic nerves of NOD/SCID mice (at one side) and tumor growth was monitored by measuring luciferase signals weekly for a total of 3 weeks. Endpoint data (images of representative animals, luciferase total flux from each animal, and the mean) are shown. \*\**P* ≤ 0.01; ns, nonsignificant; ordinary one-way ANOVA followed by Tukey's multiple comparisons test. See also Fig. [S9c](#MOESM1){ref-type="media"}. **c** Western blot analysis of signaling profiles of mSC derivatives under a detaching condition. Cells were treated with PBS/5 mM EDTA, harvested at indicated time points. Stripping was performed between sequential probing of phosphorylated and total protein level of the same target. Representative data from one out of two independent experiments are shown. **d** The model wherein the presence of merlin modulates Ras signaling. The GAP domain consists of two parts: GAP~extra~ and GAP~core~ \[[@CR58]\]; the C2-GAP domains constitute the catalytic unit promoting Ras-GTP hydrolysis into Ras-GDP. The SH2-SH3-SH2 domains mediate RasGAP translocation from the cytoplasma to the plasma membrane through binding the consensus phosphotyrosine in various activated receptor tyrosine kinases (RTKs). Merlin FERM and tail interact with the PH-C2 domains of RasGAP, whereas the FERM also interacts with Ras (GTP-independent). Merlin may recruit RasGAP in concert with activated RTKs, or independently, to fine-tune Ras-GTP inactivation. Note that merlin might not simultaneously bind to both Ras and RasGAP. GF: growth factor

Loss of merlin leads to more profound activation of MEK1/2--Erk1/2 in detachment-induced signaling than loss of RasGAP {#Sec16}
----------------------------------------------------------------------------------------------------------------------

Because anchorage-independent growth correlates with tumorigenicity \[[@CR41], [@CR42]\], it was prudent to analyze the signaling profiles of merlin-KD and RasGAP-KD cells under a detaching condition. Upon detachment, we expect that the Ras effector pathways to be uncoupled from Ras---this phenomenon is supposed to ensure that cells are unable to survive or proliferate in erroneous sites, a control mechanism lost in transformed cells \[[@CR43]\]. For detachment, the cells were treated with PBS/5 mM EDTA, resulting in transient activation of MEK1/2 and more sustained activation of Erk1/2 (Fig. [7c](#Fig7){ref-type="fig"}), a response likely contributing to transient protection of the cells from anoikis \[[@CR44]\]. Intriguingly, merlin-KD cells showed markedly increased MEK1/2--Erk1/2 activity, while the response of RasGAP-KD cells was comparable to that of control-KD cells. By contrast, detachment caused a rapid decrease of Akt activity in all tested cells. These results indicate that in addition to the merlin:RasGAP interaction upstream of Ras, merlin also targets the Ras effector pathways, particularly the MEK1/2--Erk1/2 branch---in the absence of merlin, the normal step to attenuate this pathway is lost, leading to an overactivation of MEK1/2 and Erk1/2.

Discussion {#Sec17}
==========

Herein, we demonstrate that merlin directly interacts with both Ras and RasGAP. Merlin binds to RasGAP's PH-C2 domains, whereas the PH and the C2 domains have been previously implicated in contact inhibition: only reconstitution of *Rasa*^−*/*−^ MEFs with RasGAP FL---but not with either PH or partial C2 domain-deleted---restored contact inhibition \[[@CR40]\]. As PH domain deletion did not affect RasGAP's catalytic activity in vitro, this rather indicates that loss of binding, e.g., toward merlin, may underlie the inability of PH-deleted RasGAP to restore contact inhibition. Moreover, we identified the C2 domain as an integral part of RasGAP's catalytic unit, highlighting its importance for GAP activity.

That both merlin and RasGAP are required for proper Ras activity regulation, together with the identified interactions, points to a functional link between merlin and RasGAP. However, merlin appears not to directly regulate RasGAP's catalytic activity. Given that the SH2-SH3-SH2 domains mediate RasGAP translocation from the cytoplasma to the plasma membrane through binding the consensus phosphotyrosine in various receptor tyrosine kinases (RTKs) \[[@CR9]\], it is plausible that merlin acts in concert with activated RTKs to recruit RasGAP to fine-tune spatial-temporal Ras-GTP inactivation (Fig. [7d](#Fig7){ref-type="fig"}). Alternatively, merlin might recruit RasGAP independent of RTKs to suppress RTK-independent Ras activation and signaling. Note that merlin might not simultaneously bind to both Ras and RasGAP---these interactions might be highly transient and how they are regulated in vivo is not addressed in this study. The presence of merlin appears to modulate the signaling ability of Ras; however, the molecular details are still under investigation.

While RasGAP is a well-established negative regulator of Ras, our evidence does not support RasGAP as a prominent tumor suppressor. This is in agreement with genetic data that germline mutations of *RASA1* in humans cause the capillary malformation-arteriovenous malformation syndrome and other related vascular anomalies, without clear evidence for tumor predisposition \[[@CR45]\]. Emerging evidence suggests that RasGAP is a weak tumor suppressor, whose loss contributes to tumor development in cooperation with additional factors \[[@CR46]--[@CR48]\].

An increasing body of literature suggests that merlin potentially suppresses Ras signaling at multiple levels, from RTKs to downstream. Merlin can suppress EGFR signaling during contact inhibition \[[@CR49]\] and merlin loss leads to increased expression of multiple RTKs, including PDGFRβ \[[@CR2]\]. Merlin can interfere with the formation of the Ras-activating Grb2/SOS/ezrin complex \[[@CR5]\] and may also interact with Grb2 \[[@CR50], [@CR51]\]. Merlin loss leads to increased Ras expression at transcription level, mediated by YAP activation \[[@CR52]\]. Downstream of Ras, overexpressed merlin can disrupt the B-Raf/Raf1/MLK3 complex formation by interacting with MLK3 \[[@CR53]\]; merlin loss causes KSR1 overexpression and merlin may interact with KSR1 to interfere with KSR1:Raf1 interaction \[[@CR54]\]. Our work suggests that merlin also acts at the Ras level. Notably, a merlin:RasGAP complex upstream of Ras was discovered; in addition, merlin targets Ras effector pathways, particularly the MEK1/2--Erk1/2 branch.

Finally, it is worth noting that merlin is involved in multiple pathways apart from Ras regulation and that its tumor suppressor activity is most likely a collective effect. However, given the extraordinarily high prevalence of Ras pathway activation in human tumors, including Schwann cell-derived tumors, e.g., neurofibromas caused by loss of *NF1* \[[@CR4]\], regulation of Ras signaling very likely contributes significantly to merlin's tumor suppressor activity.

Materials and methods {#Sec18}
=====================

Cell culture {#Sec19}
------------

Sc4 is an immortalized Schwann cell line \[[@CR5]\] established from *Nf2*^Δex2/Δex3^ mice by Marco Giovannini laboratory. RT4-D6P2T (RT4; subcloned from an ethylnitrosourea-induced rat schwannoma line \[[@CR55]\]) was from European Collection of Authenticated Cell Cultures. RT4/Tet-NF2 (WT, S518A, or S518D) are derivatives of RT4, harboring doxycycline-inducible *NF2* transgenes \[[@CR56]\]. *Rasa1*^−/−^ and *Rasa1*^+/+^ MEFs \[[@CR39]\] were from Christian Widmann, originally from Tony Pawson. 293 and 293T cells were from ATCC. The above-mentioned lines were grown in DMEM/10% FBS. *Nf2*^+/+^ (FH-912, genotype *Nf2*^flox2/flox2^) and *Nf2*^−/−^ (FC-1801, genotype *Nf2*^Δex2/Δex2^) mSCs \[[@CR10]\] were from Marco Giovannini. MSCs and the derivatives were grown in DMEM:F12-HAM (1:1) medium plus N2 supplement (Gibco), 2% FBS, 1 μM forskolin, and 10 ng/ml heregulin-β1 (recombinant EGF-like domain; PeproTech), on noncoated tissue culture plates. Or, plates were coated with 0.05 mg/ml poly-L-lysine (Sigma-Aldrich), air dried, and further coated with DMEM/10% FBS; the cells were grown in the above-mentioned medium omitting FBS. All cells were maintained in a humidified atmosphere with 5% CO~2~ at 37 °C.

Orthotopic transplantation and bioluminescence imaging {#Sec20}
------------------------------------------------------

All animal experiments were approved by the Wistar Institutional Animal Care and Use Committee and performed in accordance with relevant institutional and national guidelines. *Nf2*^+/+^ mSCs were first transduced with lentiviruses carrying pLU-Tet-EF1aL-FFluc-mCherry (encoding firefly luciferase and mCherry, provided by the Wistar Institute Vector Core), and sorted by FACS. The established luciferase-expressing mSCs/Luc were further transduced with the KD lentiviruses and selected with puromycin. A total of 2 × 10^5^ cells were transplanted into the sciatic nerve sheath (one side) of each NOD/SCID mouse (Jackson labs stock\# 005557; male, 6--8 weeks of age; *n* = 8--9 per group) by intraneural injection. Tumor growth was monitored weekly for a total of 3 weeks by bioluminescence imaging on an IVIS-200 system, according to the manufacturer's instructions (Xenogen, San Francisco, CA).

Statistical analysis {#Sec21}
--------------------

Statistical analyses were performed with GraphPad Prism 7.
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